Aquaporin facilitates the osmotic water transport across biomembranes and is involved in the transcellular and intracellular water flow in plants. We immunochemically quantified the aquaporin level in leaf plasma membranes (PM) and tonoplast of Graptopetalum paraguayense, a Crassulacean acid metabolism (CAM) plant. The aquaporin content in the Graptopetalum tonoplast was approximately 1% of that of radish. The content was calculated to be about 3 m m m mg mg -1 of tonoplast protein. The level of PM aquaporin in Graptopetalum was determined to be less than 20% of that of radish, in which an aquaporin was a major protein of the PM. The PM aquaporin was detected in the mesophyll tissue of Graptopetalum leaf by tissue print immunoblotting. The osmotic water permeability of PM and tonoplast vesicles prepared from both plants was determined with a stoppedflow spectrophotometer. The water permeability of PM was lower than that of the tonoplast in both plants. The Graptopetalum PM vesicles hardly showed water permeability, although the tonoplast showed a relatively high permeability. The water permeability changed depending on the assay temperature and was also partially inhibited by a sulfhydryl reagent. Furthermore, measurement of the rate of swelling and shrinking in different mannitol concentrations revealed that the protoplasts of Graptopetalum showed low water permeability. These results suggest that the low content of aquaporins in PM and tonoplast is one of the causes of the low water permeability of Graptopetalum. The relationship between the water-storage function of succulent leaves of CAM plants and the low aquaporin level is also discussed.
Introduction
Aquaporins and the related molecules facilitate the diffusion of water, glycerol, urea, and carbon dioxide (Borgnia et al. 1999 , Johansson et al. 2000 , Maurel 1997 , Prasad et al. 1998 , Sasaki et al. 1998 . Aquaporins occur in all types of organisms from bacteria to animals and compose a large protein family in most organisms. Humans and rats have at least 10 aquaporin isoforms that are expressed in different tissues, most prominently in the kidney (Borgnia et al. 1999 , Sasaki et al. 1998 ). Thirty and 31 aquaporin genes have been reported for Arabidopsis thaliana (Chrispeels et al. 1999 , Johansson et al. 2000 and Zea mays (Chaumont et al. 2001) , respectively. Plant aquaporins are classified in two distinct subfamilies localized either in the plasma membrane (PM) and the vacuolar membrane (tonoplast) (Maurel 1997 , Chrispeels et al. 1999 , Johansson et al. 2000 . The former subfamily is called PIP (plasma membrane intrinsic protein) and the latter TIP (tonoplast intrinsic protein). As the third subfamily, soybean has nodule peribacteroid membrane aquaporin (NOD26) and Arabidopsis has related aquaporins (NLM, NOD26-like membrane intrinsic protein) (Chrispeels et al. 1999 , Johansson et al. 2000 . Most plant aquaporins are expressed prominently in cells of the vascular and young tissues , Frangne et al. 2001 , Maurel 1997 . In special cases, vacuolar aquaporins are abundantly expressed in the motor cells of Mimosa pudica (Fleurat-Lessard et al. 1997 ) and the cortex cells of soybean nodules (Serraj et al. 1998) . In numerous land plants, aquaporin proteins account for a great percentage of the PM and tonoplast proteins (Maeshima 1992 , Maeshima 2001 , Tyerman et al. 1999 ) and have been directly demonstrated to facilitate the water transport using the Xenopus-oocyte expression system. These aquaporins are thought to facilitate transcellular and intracellular water transport across the PM and tonoplast, respectively, in an osmotic pressure-dependent manner. It is probable that aquaporins play a key role in plant water homeostasis by regulating the water flux in the plant body.
However, to date, little is known about the direct relationship between the abundance of aquaporin and the membrane water permeability. It has been reported that the tonoplast aquaporin is absent or present at extremely low levels in the leaf of an obligate Crassulacean acid metabolism (CAM) plant Kalanchoë daigremontiana (Maeshima et al. 1994) . Therefore, we focussed our attention to the levels of aquaporins in CAM plants. Over 5% of the vascular plant species belong to the CAM plant including the obligatory CAM type and C 3 /CAMintermediate type. The latter type plants revert to C 3 photosynthesis when they are given large amounts of water, and to CAM photosynthesis during drought. The photosynthetic organs such as leaf and stem of most CAM plants have a distinctly succulent morphology and a high water-storage capacitance, features that aid survival in the arid region. The succulent morphology of chloroplast-containing cells provides a very high storage capacity for nocturnally assimilated CO 2 per unit surface area of photosynthetic organ. The high efficient reservation of water in the succulent tissues of CAM plants attracts our notice with the respect of aquaporin in the PM and tonoplast. The halophyte Mesembryanthemum crystallinum (ice plant), which presents itself as a typical C 3 /CAM-intermediate type, is most actively investigated for its aquaporins among CAM plants. The metabolic system of M. crystallinum is transformed from the C 3 to the CAM mode by salt-and droughtstress. To date, 14 isoforms of aquaporins have been identified for M. crystallinum (Kirch et al. 2000) . The changes in the transcriptional and translational levels during the metabolic transformation have been reported (Yamada et al. 1995) . However, the relationship between the aquaporin level and waterstore function has not been clarified even in M. crystallinum.
In the present study, Graptopetalum paraguayense that contains thick succulent leaves was used as an obligatory CAM plant, which metabolism is constitutively in the CAM state. The plant has been investigated for the tonoplast malate channel ) and phosphoenolpyruvate carboxylase (Kusumi et al. 1994) . We found that the aquaporin amount in the Graptopetalum PM and tonoplast was extremely low compared with radish membranes. We applied the stopped-flow spectrophotometric method to determine the osmotic water permeability in the membrane vesicles. The PM and tonoplast vesicles of Graptopetalum showed no and low water permeability, respectively, under the stoppedflow assay condition. The rate of swelling and shrinking of protoplasts was also determined under a microscope. The relatively low water permeability of Graptopetalum was also demonstrated for its protoplasts. The low content of aquaporins in Graptopetalum was discussed with respect to the water-store function in the succulent tissues of CAM plants.
Results

Content of aquaporins in Graptopetalum PM and tonoplast
In the present study, we used Graptopetalum as a typical obligatory CAM plant. The relative amounts of aquaporins in the tonoplast of Graptopetalum leaves were quantified by the immunochemical method with anti-VM23 antibody and compared with that of radish taproots (Fig. 1A, B) . The anti-VM23 reacted with tonoplast aquaporins from various plant species as reported previously (Maeshima 1992 , Maeshima et al. 1994 . Membranes were prepared from radish taproots and Graptopetalum mature leaves, and then subjected to SDS-PAGE and immunoblotting. (A) SDS-PAGE of the tonoplast (lanes 2 and 3, 1.5 mg) and PM (lanes 4 and 5, 1.5 mg) prepared from radish (lanes 2 and 4) and Graptopetalum (lanes 3 and 5). Gels were stained with sil- As shown in Fig. 1B , the antibody reacted with Graptopetalum tonoplast aquaporin of 23 kDa. Tonoplast aquaporin in Graptopetalum was estimated to be approximately 1% of that of radish taproot, since the intensity of an immunostained band of 10 mg of Graptopetalum tonoplast was equal to that of 0.1 mg of radish tonoplast (Fig. 1B) . In a silver-stained gel, no major protein was detected at around 23 kDa in Graptopetalum tonoplast, although radish tonoplast showed thick bands of 23 kDa (VM23) and 40 kDa (dimer) that are marked by arrowheads in Fig. 1A . These observations indicate that the level of aquaporin in the Graptopetalum tonoplast is low.
Aquaporins exist as a homotetramer of subunits of 23-30 kDa , Murata et al. 2000 , Ren et al. 2000 . In many cases, the oligomeric forms of aquaporin were detected in addition to the monomer even in SDS-PAGE (Fig. 1) . During this study, we found that a ratio of oligomeric forms to the monomer was varied with the concentration of aquaporin by using a sensitive immunoblot method. As shown in Fig. 2 , the ratio of the oligomeric forms was increased at high concentrations of the purified VM23 in the dissociation buffer containing 2% SDS. Neither the concentration nor the type (dithiothreitol and b-mercaptoethanol) of the sulfhydryl regent affected formation of oligomers (data not shown), since aquaporins have no intra-or inter-molecular disulfide bond Engel 2000, Ren et al. 2000) . The plasma membrane aquaporins showed a similar profile of SDS-PAGE. Aquaporin subunits must have large association constants. The observation also suggests that the secondary structure of aquaporin, such as a helices of the transmembrane domains, may be retained during dissociation in SDS.
Radish PM aquaporins gave a major band of 30 kDa on SDS-PAGE (Fig. 1A) . Only a faint immunostained band was observed in Graptopetalum PM with anti-PAQ1 and no band with anti-PAQ2 in spite of application of 10 mg PM (Fig. 1C) , suggesting that Graptopetalum has at least the PAQ1-type aquaporin. No major protein could be detected at around 30 kDa in the silver-stained gel (Fig. 1A) . These results suggested a low level of aquaporin in Graptopetalum PM. However, there was a possibility that the anti-PAQ1 and 3 Antipeptide antibodies to the N-terminal sequences of aquaporins. The sequences of aquaporins are available in the GenBank, EMBL, and DDBJ databases under the following accession numbers. PAQ1 (radish, AB012044), PAQ1b (radish, AB030695), PAQ1c (radish, AB030696), At-PIP1a (A. thaliana, X75881), RWC1 (rice, AB009665, Li et al. 2000) , MipA (M. crystallinum, L36095), PAQ2 (radish, AB012045), PAQ2b (radish, AB030397), PAQ2c (radish, AB030698), At-RD28 (A. thaliana, D132440), At-PIP3 (A. thaliana, U78297), MipC (M. crystallinum, U73466), g-VM23 (radish, D84669), and d-VM23 (radish, AB010416). Oligopeptide sequences used for preparation of the antibodies specific to PAQ1 and PAQ2 are underlined, and a sequence for preparation of anti-PAQs antibody is boxed.
anti-PAQ2 antibodies could not recognize aquaporins in Graptopetalum PM, because these antipeptide antibodies were raised against the isoform-specific sequences of PAQ1 and PAQ2 of radish, respectively (Fig. 3) . The anti-PAQ1 and anti-PAQ2 antibodies specifically react with isoforms of the PAQ1 and PAQ2 subgroups in radish, respectively (Suga et al. 2001) . In the present study, we used a common sequence, KDYNEPPPAPLFEPGELSSWS (Fig. 3) , among six sequences of radish PAQs as an antigen to obtain the antibody with a broad specificity. The synthetic oligopeptide used as the antigen completely inhibited the reaction of the antibody with radish PAQs as shown in Fig. 1D , indicating the antibody specificity. This antibody gave an immunostained band of 29 kDa in Graptopetalum PM. The intensity was equal when a 5-fold amount of Graptopetalum PM applied (Fig. 1D) . Thus, the level of PM aquaporin in Graptopetalum has been estimated to be 20% of that of radish PM from the immunoblot.
Immunocytolocalization of PM aquaporins in Graptopetalum
The distribution of PM aquaporin proteins in Graptopetalum leaves and stems was examined by tissue print immunoblot (Fig. 4) . Pigments such as anthocyanin accumulated in the leaf epidermis visualized the outline of discs on a blotting membrane ( Fig. 4B ; a, b, and c). The leaf mesophyll tissue was were suspended in 0.45 M mannitol solution, and then submitted in a stopped-flow apparatus to an outwardly directed mannitol gradient (0.1 M mannitol) at 10°C. An aliquot (100 ml of 0.2 mg ml -1 ) of membrane vesicles was applied for each shot. The reaction curve shows a typical experiment with the average trace of three individual shots. In the case of tonoplast vesicles, scattered light intensity was monitored for 100 ms, since the intensity reached a steady-state level within 100 ms. Osmolarities of 0.1 and 0.45 M mannitol solutions were 310 and 681 mosM, respectively.
clearly stained with anti-PAQs. The epidermis was not reacted with the antibody, indicating the absence of the PM aquaporin in the epidermis (Fig. 4B , a* and b*). The basal part of leaf was densely stained with the antibody, but the part of leaf vein was not stained. The PM aquaporins were also clearly detected in the cortex and pith of stem. No reaction with the preimmune serum supports the specificity of the tissue print immunoblot with anti-PAQs (Fig. 4B, d*) .
Osmotic water permeability of PM and tonoplast of radish and Graptopetalum
Membrane vesicles isolated from radish and Graptopetalum were assayed for osmotic water permeability with a stopped-flow light scattering spectrophotometer. Changes in the volume of vesicles were recorded and compared between the PM and tonoplast vesicles prepared from radish and Graptopetalum. The instrument has a dead time of 0.4 ms and 99% mixing efficiency in 0.5 ms. In this experiment, membrane vesicles in 0.45 M mannitol solution were mixed with the hypotonic solution. This treatment caused water influx into vesicles, swelling of vesicles and decrease in light scattering. The rate of change in the scattered light intensity reflects the rate of water influx. The scattered light intensity decreased along a single exponential curve. As shown in Fig. 5 , radish PM showed a slow influx of water into the vesicles, while Graptopetalum PM did not change the scattered light intensity. This means that the rate of water transport across Graptopetalum PM is almost zero under the assay conditions. On the other hand, the tonoplast vesicles from both radish and Graptopetalum showed a quick change in the scattered light intensity and the intensity reached the steady-state level within 100 ms. These results indicate that the tonoplast water permeability is much higher than that of the PM.
Dependence of water permeability on concentration gradient and temperature
We examined the dependence of water permeability on the osmotic gradient across the membrane. The swelling of membrane vesicles was assayed in the hypotonic mannitol solution. The extent of decline in the scattered light intensity from time zero to the steady state was dependent to the mannitol concentration gradient (Fig. 6) . Thus, the observed changes in the light scattering reflect the osmotic water permeability of membrane vesicles. In the subsequent assay, a 0.1-M mannitol solution was used as the outer solution.
The dependence of osmotic water permeability of radish PM and tonoplast vesicles on temperature was examined (Fig.  7A, B) . The rate of change in scattered light intensity increased as the assay temperature increased. The Arrhenius curve seems an upward deflection for temperatures below 10°C (Fig. 7C) . The apparent activation energy for water transport has been roughly calculated to be 50 kJ mol -1 at above 15°C and less than 20 kJ mol -1 at low temperatures. Maurel et al. (1997) reported that tobacco PM gave the discontinuity in an Arrhenius plot at temperatures 11-15°C with the activation energy of 56 and 23 kJ mol -1 , respectively. The values for radish PM are comparable to those for tobacco PM. It is thought that the water transport through aquaporins does not depend on the temperature; namely, the activation energy of the aquaporin is relatively low. The present observation suggests that the contribution of PM aquaporins for water transport becomes greater at low temperatures compared with the diffusion through lipid bilayers. Therefore, we measured the water transport activity at 10°C with a stopped-flow spectrophotometer in the present study. In the case of tonoplast vesicles, it was hard to calculate the activation energy for water transport, since water transport across the tonoplast was very fast (Fig. 7B) .
Sensitivity of water permeability to a sulfhydryl reagent
It has been reported that sulfhydryl reagents, such as mercuric chloride and p-chloromercuribenzoic acid, suppress the water transport through plant aquaporins (Maurel et al. 1993 , Daniels et al. 1994 , Daniels et al. 1996 , Kammerloher et al. 1994 , Dean et al. 1999 . As shown in Fig. 8 , the water transport activity through the radish PM and tonoplast was affected by pchloromercuribenzoic acid at 2 mM. The water transport activity of Graptopetalum tonoplast was partially inhibited by the reagent. Although there is a possibility that some aquaporins are insensitive to the reagent, the results indicate that the osmotic water permeability assayed by a stopped-flow spectrophotometer reflects the activity of aquaporins.
Water permeability of protoplasts
The rate of water transport of intact protoplasts was determined under a microscope. The protoplasts used for this assay were mainly from the cortex of radish hypocotyl and the mesophyll of Graptopetalum leaf, respectively. The swelling and shrinking of protoplasts were monitored on a plastic plate as shown in Fig. 9A . Then medium for protoplasts in a small chamber of the slide was exchanged within 1 min using a peristaltic pump. Mannitol solutions of 0.4 and 0.6 M were used as the isotonic medium for the protoplasts of radish and Graptopetalum, respectively.
The cell volume of radish protoplasts was gradually increased to 164% in the hypotonic medium (0.2 M mannitol) after 6 min (Fig. 9B) . The extent of cell volume increase is comparable to the theoretical value 160% calculated from the osmolarities of 0.4 and 0.2 M mannitol solutions, 633 and 396 mosM, respectively. The enlarged radish protoplasts in 0.2 M mannitol solution then shrank to the original volume in 0.4 M mannitol within 2 min and showed further shrinkage in 0.6 M mannitol. The shrunken protoplast with a 0.7 volume recovered to the original volume in 0.4 M mannitol solution. Graptopetalum protoplasts also swelled and shrank by exchanging the medium. Although the osmotic gradient for Graptopetalum protoplasts was steeper than that for radish, the rates of swelling and shrinking were slower.
Discussion
Our purpose was to examine the relationship between the aquaporin content and the membrane water permeability by comparing the aquaporin-rich and aquaporin-less plants. Numerous species of plants contain a large amount of aquaporins in the PM and tonoplast (Chrispeels et al. 1999 , Johansson et al. 2000 , Maeshima 2001 , Maurel 1997 . The radish taproot is a typical plant organ that has a large quantity of aquaporins. In the case of growing radish plants, the aquaporin content in the PM and tonoplast of taproots is comparable with that of leaves as reported previously (Suga et al. 2001) . We thus used taproots as plant materials in the present study. The aquaporin proteins account for 10 and 40% of the membrane protein of radish PM (Fig. 1) and tonoplast (Higuchi et al. 1998 ), respectively. In contrast to these plants, it has been reported that no aquaporin could be detected in the tonoplast of a CAM plant, K. blossfeldiana (Maeshima et al. 1994) . The succulent tissue of CAM plants is useful to investigate the mechanism of drought resistance and water-store function. In the present study, we used thick leaves of Graptopetalum that has been investigated as a typical constitutive CAM plant . In Graptopetalum, the aquaporin amount on the basis of tonoplast protein has been estimated to be approximately 1% of that of the radish tonoplast by immunoblot analysis (ca. 3 mg mg -1 tonoplast protein) (Fig. 1) . The antibody newly prepared during this study is useful for detection of PM aquaporins in phylogenically different plant species. From the immunoblot analysis with this antibody, the aquaporin content was estimated to be less than 20 mg mg -1 of PM protein, while the level in radish PM is more than 100 mg mg -1 of PM protein (Fig. 1) . Furthermore, the tissue print immunoblot indicated that the PM aquaporins were distributed over the leaf mesophyll tissue but not in the epidermis (Fig. 4) . We thus propose that the level of aquaporins is low in the most part of the succulent organs of CAM plant and that the low content of aquaporins may be a common property to CAM plants.
The low level of aquaporin in Graptopetalum may be one of the causes of low water transport permeability of the PM and tonoplast. Graptopetalum PM did not show the osmotic water permeability in the stopped-flow spectrophotometric assay (Fig. 5) . This method was originally developed for determination of ion permeability, and recently, applied to determine the osmotic water permeability of membrane vesicles of reticulocytes (Zeidel et al. 1992 ) and plants ). The stopped-flow assay gave us reliable information of the mean values of the water permeability of PM and tonoplast vesicles. In the present study, we examined the water permeability of protoplasts individually (Fig. 9) . The low water permeability of Graptopetalum PM was also shown by this assay. The osmotic water permeabilities of protoplasts of radish and Graptopetalum were calculated to be 13 and 2.8 mm s -1 , respectively, from the swelling rate. In shrinkage, the values are 23 and 6.2 mm s -1 , respectively. Also, the difference in the values between the swelling and shrinkage processes may be related to the polarity in water permeability as discussed previously (Tazawa et al. 1996 , Ramahaleo et al. 1999 ).
In the case of tonoplast vesicles, it was hard to quantitatively compare the tonoplast water permeability between radish and Graptopetalum, since the changes in the scattered light intensity were extremely fast compared with the PM vesicles ( Fig. 5-8) . Judging from the time to reach a steady-state level in the stopped-flow spectrophotometric assay (a few ms for radish and 40 ms for Graptopetalum, Fig. 6 ), the water permeability of Graptopetalum tonoplast was roughly estimated to be less than 10% of that of radish. In other words, the water transport across the radish tonoplast is too fast to determine the permeability in vesicles.
It should be noted that the PM vesicles from Graptopetalum hardly showed the water permeability. However, the protoplast swelled and shrank in response to the mannitol concentration (Fig. 9) . The water transport activity of protoplasts may reflect the PM water permeability. The tonoplast does not limit the water flux in protoplasts, since the tonoplast water permeability was extremely high compared with that of the PM in both plants (Fig. 5) . We have no explanation why the water transport could not be detected in the PM vesicles of Graptopetalum. It may not be due to the assay temperature, 10°C for the membrane vesicles and 20°C for the protoplasts, since the water transport activity of the vesicle was very low even at 20°C. There are some possibilities that are specific to Graptopetalum PM aquaporins as follows. (i) During membrane preparation, a strict inactivation of PM aquaporins occurred through a covalent modification such as the phosphorylation and dephosphorylation (Johansson et al. 2000) . (ii) A factor that activates the aquaporin was released from membranes during vesicle preparation. (iii) The diameter of membrane vesicles used for stopped-flow assay is one-hundredth of that of protoplasts. The aquaporin did not work on the membrane with a small amount of curvature. (iv) The stopped-flow assay was carried out at 0.6 MPa. The aquaporin did not work under highpressure conditions. In consideration of these possibilities, we should determine characteristics of the Graptopetalum PM aquaporin.
Finally, we note that the PM showed low water permeability in the light-scattering assay even though there were a lot of aquaporins in the PM. The PM water permeability has been reported to be lower than that of tonoplast by Maurel et al. (1997) . This feature is essential for prevention of the plasmolysis in plant cells, although the biochemical basis of the low permeability of the PM has not been clarified. The specific activity of PM aquaporins may be markedly low in essence compared with the tonoplast aquaporin. Alternatively, the water channel activity of PM aquaporins may be suppressed under normal conditions and activated through covalent modification or binding with another element in response to external and internal stimuli.
In conclusion, Graptopetalum has low contents of aquaporins in the PM and tonoplast, although most vascular plants contain high levels of aquaporins (Maeshima et al. 1994 , Tyerman et al. 1999 ). The level of aquaporins was extremely low, but Graptopetalum has several genes for PM and tonoplast aquaporins, since the antigens were detected in immunoblots (Fig. 1 ). Thus, the low level of aquaporin may be due to the low levels of transcription and translation. The low aquaporin level is a common feature of CAM plants, since it was hard to detect aquaporin in the tonoplast of the other CAM plants, K. blossfeldiana (Maeshima et al. 1994) and Opuntia Mill (data not shown). Furthermore, protoplasts of K. blossfeldiana showed an extremely low water permeability of 3.7 mm s -1 (Murai, M., Murakami, M. and Maeshima, M., unpublished data) . Therefore, we propose that CAM plants control the expression of aquaporins at low levels to regulate the water flow in succulent organs. The succulent tissue consisted of the highly vacuolated cells which can accumulate a large quantity of carbon dioxide in the form of malate at relatively low concentrations (Lüttge et al. 1982 ). The suppression of aquaporin level may be essential for performing CAM metabolism and the water-storage function of fully vacuolated cells. CAM plants grow slowly for want of active water absorption and transpiration, and the low level of aquaporin may be advantageous for CAM plants in arid environments. To examine our hypothesis, we should carry out further studies including comprehensive studies on the aquaporin levels in a variety of CAM plants and the overexpression of aquaporin in transgenic CAM plants.
Materials and Methods
Plant materials
Graptopetalum paraguayense plants were grown and watered once a week in a green house. The sixth and seventh leaves were taken from plants in the morning and used for preparation of PM and tono-plast. Radish (Raphanus sativus L. cv. Tokinashi-daikon) were grown on the Nagoya University farm for 3 months. In some experiments, radish seeds were imbibed with water and germinated on a net floated on 0.5 mM CaSO 4 in the dark at 26°C for 5 d.
Isolation of tonoplast and PM
The tonoplast was prepared from radish taproots as described previously (Maeshima 1992) . Epidermis was removed from mature leaves of Graptopetalum and then membrane vesicles were prepared. PM fractions were prepared by the aqueous polymer two-phase partition method (Yoshida et al. 1983 , Suga et al. 2001 . For preparation of PM, tissues were homogenized with a Polytron (Kinematica) in the same volume (radish) or 5 volumes (Graptopetalum) of the tissue weight of a homogenizing medium that contained 0.25 M sorbitol, 1 mM EGTA, 20 mM p-(amidinophenyl)methanesulfonyl fluoride hydrochloride, 1% (w/v) polyvinylpyrrolidone-40 (Sigma), 2 mM dithiothreitol, and 50 mM Tris-acetate, pH 7.5. The homogenates were filtered and centrifuged at 10,000´g for 10 min. The supernatants were centrifuged at 150,000´g for 30 min, and then the precipitates were suspended in 0.25 M sucrose, 1 mM dithiothreitol, and 10 mM potassium phosphate buffer, pH 7.8 (sucrose-KP buffer). After centrifugation of the suspension at 150,000´g for 30 min, the precipitates were suspended in the same buffer and used as the crude microsomal membranes. The crude membranes (10 ml) were mixed with a separation solution [3.0 g polyethylene glycol-3640 (Sigma), 3.0 g Dextran T500 (Pharmacia), 28 ml of sucrose-KP buffer, and 4.8 ml of 300 mM NaCl in sucrose-KP buffer], vigorously agitated at 0°C for 5 min, and then centrifuged at 10,000´g for 4 min. The supernatant fractions were diluted with 0.25 M sorbitol, 1 mM EGTA, 2 mM MgCl 2 , 2 mM dithiothreitol, and 20 mM Tris-acetate, pH 7.5, and then centrifuged at 150,000´g for 30 min. The precipitates were suspended in the same buffer and stored at -80°C as PM. This procedure provided the highly purified PM (Suga et al. 2001 , Ueoka-Nakanishi et al. 1999 , and the isolated PM was not contaminated with tonoplast, as judged by tonoplast marker proteins such as H + -pyrophosphatase and a tonoplast aquaporin. Protein concentration was measured with a protein assay solution (Bio-Rad).
VM23 purification
The purification of VM23 was carried as described previously (Maeshima 1992 ) with some modifications. To the radish tonoplast preparation were added KCl and sodium deoxycholate at final concentrations of 50 mM and 0.6% (w/v), respectively, and the suspension was centrifuged at 100,000´g for 30 min. The pellet fraction was suspended in 0.5% lysophosphatidylcholine and 0.2% n-dodecyl-b-Dmaltopyranoside to bring the volume to 0.5 of the original tonoplast suspension. The suspension was centrifuged at 100,000´g for 40 min at 8°C after it had been stirred for 30 min at 25°C. The supernatant fraction was applied to a column (bed volume, 20 ml) of HiLoad Q Sepharose HP (Amersham Pharmacia Biotech), which had been preequilibrated with 20 mM Bis-Tris, pH 7.0, 20% glycerol, 1 mM dithiothreitol, 1 mM EGTA, 2 mM MgCl 2 (BT/GDEM). VM23 was eluted with a linear NaCl concentration gradient from 0 to 300 mM dissolved in the BT/GDEM buffer. The purity of the peak VM23 fractions (0.13 to 0.15 M NaCl fractions) was determined to be more than 95% by SDS-PAGE. This purified preparation was used to examine the formation of oligomeric forms of VM23.
Antibody preparation, immunoblotting and tissue print immunoblot
SDS-PAGE was done in a 12% polyacrylamide gel by a standard method (Laemmli 1970) . Antibody to VM23 (anti-VM23), a radish tonoplast aquaporin (Maeshima 1992) , and antipeptide antibodies to PAQ1 (anti-PAQ1) and PAQ2 (anti-PAQ2) (Suga et al. 2001) were previously prepared. To obtain an antibody that reacts with most PAQ isoforms, a conserved sequence among PAQs in the N-terminal parts (for reference, Fig. 3) , KDYNEPPPAPLFEPGELSSWS, was used as an antigen. The synthesized oligopeptide was conjugated with keyhole limpet hemocyanin, and then injected into rabbits. The IgG fraction was purified from the antiserum and used as antibodies to all PAQ isoforms (anti-PAQs). Immunoblotting was performed by the standard method as described previously (Suga et al. 2001) . Tissue print immunoblot was carried out on a poly (vinylidene difluoride) membrane with anti-PAQs to investigate the distribution of PAQs in leaf and stem of Graptopetalum by the standard procedure (Cassab and Varner 1987) . In all cases, the antibodies were diluted to 1 : 3,000 and used for immunoblotting.
Stopped-flow measurement of water permeability of membrane vesicles
The osmotic water permeability of membrane vesicles was measured at 10°C by monitoring of 90°scattered light intensity at 480 nm wavelength with a stopped-flow light scattering spectrophotometer (model SX.18MV, Applied Photophysics Ltd., Surrey, U.K.). The sample temperature was controlled by a circulating water bath (NESLAB Instruments Inc.). Membrane vesicles (0.2 mg ml -1 ) with a mean apparent diameter of 200 to 300 nm in 0.45 M mannitol, 90 mM KCl, 1 mM EDTA, and 20 mM Tris-HCl, pH 7.2 were rapidly mixed with an equal volume of hypotonic mannitol solution (0.1 to 0.4 M). The assay volume for a single shot was 100 ml. The mannitol gradient caused osmotic water influx, vesicle swelling, and decreased light scattering. In most cases, the signal traces were fitted to a single exponential function.
Protoplast preparation and water permeability measurement
One gram of hypocotyls cut from 5-d-old etiolated radish seedlings was incubated in 5.5 ml of enzyme solution. The enzyme solution contained 2% (w/v) cellulase Onozuka RS (Yakult Pharmaceutical, Osaka), 0.1% (w/v) Macerozyme R-10 (Yakult), 0.03% (w/v) Pectolyase Y23 (Kyowa Hakko, Tokyo), 50 mM MES-KOH, pH 5.5, 2 mM dithiothreitol, 0.4 M mannitol for 3 h at 30°C with gentle agitation (30 rpm). The obtained solution was filtered through a nylon cloth with a 0.75 mm mesh size and then centrifuged at 100´g for 3 min. The upper 1 ml of the supernatant was used as protoplasts.
Mesophyll tissue of Graptopetalum mature leaves was chopped with a razor blade in a chilled solution of 40 mM MES-KOH, pH 5.6, 0.1% (w/v) bovine serum albumin, 0.1% polyvinylpyrrolidone, and 0.6 mM sorbitol, and then incubated in 5.5 ml of enzyme solution. The enzyme solution contained 1.5% (w/v) cellulase Onozuka R-10, 0.5% (w/v) Macerozyme R-10, 40 mM MES-KOH, pH 5.6, 0.1% (w/v) bovine serum albumin, 0.1% polyvinylpyrrolidone, and 0.6 M sorbitol. After incubation for 30 min at 35°C, the enzyme solution was exchanged with the same solution and incubated for 2.5 h at 35°C with gentle agitation. The protoplast suspension was passed through a stainless steel sieve with a 0.5 mm mesh size and then through a nylon net with a 0.75 mm mesh size to remove undigested tissue pieces. Finally, the suspension was filtrated through a nylon net with an 82 mm mesh size. The filtrate was left standing at 4°C for 30 min, and then the precipitated protoplasts were rinsed three times with 25 mM Tricine-Tris, pH 8.0, 5 mM EGTA, 1 mM dithiothreitol, and 0.6 M mannitol that is the isotonic solution for Graptopetalum protoplasts.
Osmotic water permeability of protoplasts was measured by monitoring the protoplast volume in the external mannitol solution at different concentrations. The external solution was exchanged by perfusion on the slide plate of a microscope. Mannitol solutions contained 50 mM MES-KOH, pH 7.0, 50 mM KCl, and 1 mM EDTA. Protoplasts were viewed with an IX70 inverted microscope (Olympus, Tokyo) and recorded by a video camera. The diameter of protoplasts was measured on a monitor. Osmotic water permeability was obtained from the following equation: ), and d(V/V o )/dt the rate of relative protoplast volume change (Higuchi et al. 1998) . The experiments were performed at room temperature. Osmolarities (osM, osmol kg -1 H 2 O) of solutions were measured by a vapor pressure osmometer (model 5500, Wescor). The osmolarities of 0.4 and 0.6 M mannitol solutions containing 50 mM MES-KOH, pH 7.0, 50 mM KCl, and 1 mM EDTA, were 615 and 848 mosM, respectively.
